The dimensions of the ear canal are at least 3 orders of magnitude smaller than those typically encountered in room acoustics but at the same time the range of wavelengths for audio applications is identical. This results in a disparity not only in length scale but also a disparity in time scale. The influence of these disparities on well-known room acoustics parameters or features such as the reflection density, the direct-toreverberant ratio, the critical distance or transfer function nulls is reviewed and highlighted. The nature of the two substantially different sound fields is also important for active sound control. Consequently, the respective relevance of total absorption as well as values of source and sink impedance are also compared.
INTRODUCTION
Even though they are governed by the same fundamental equations, the models typically employed for the sound field in a room and that in the occluded ear canal differ significantly. The reason for this difference is the fact that the frequency range is the same but the dimensions of the two enclosed spaces are vastly different. Concepts such as reverberation time, early reflections or room modes are very important both in objective as well as subjective room acoustics. In audiological acoustics on the other hand it is often assumed that the value of the sound pressure is constant within the occluded ear canal. The aim of the current research is to investigate the two sound fields under a common framework.
ROOM-ACOUSTICAL PARAMETERS
As a first aspect, several room-acoustical parameters are compared between a rectangular enclosed space of dimensions 5 m × 3 m × 10 m and a cylindrical enclosed space with diameter 7.5 mm and height 15 mm. The latter dimensions are typically assumed for a standard occluded ear canal. The reflection coefficients were taken as 0.9 and 0.99 for the room and ear canal, respectively. The latter is a realistic value for the tympanic membrane in the audio frequency range. Table 1 show a comparison between the two enclosed spaces in terms of the values of various well-known room-acoustical parameters. Note that for the calculation of N Refl,10ms the 3D expression was used for the room and the 1D expression was used for the ear canal, whilst in the calculation of f Sch the 3D modal density was used for both enclosed spaces [1] . From the table, the value of the reverberation time in the ear canal is very low and this is caused by the very small ratio between volume V and surface area S that determines the mean free path. When looking at the Schroeder frequency and the frequency of the first resonance it seems reasonable to conclude that at most 1D wave propagation has to be considered in the ear canal. Finally, when considering the temporal resolution limits of human perception, the number of reflections is so high that distinguishing between direct sound, early reflections and reverberant sound is not appropriate. These main findings are further examined in the next section with the aid of an accurate model of the sound field in the ear canal.
SOUND FIELD IN EAR CANAL
The pressure P (x, ω) in a 1D waveguide that is terminated with reflection coefficient R at x = L and excited at x = 0 with uniform particle velocity U (0, ω) 1 across the cross- 1 The symbol U is used here for the particle velocity in order not to cause confusion with the room volume V . section can be written as
where k = ω/c is the acoustic wave number and other symbols have their usual meaning. The geometry is shown diagrammatically in the left graph of Fig. 1 .
In the case that |R| = 1 the infinite series in Eq. (1) does not always converge because the magnitude will approach infinity at the resonances. But in the case that |R| < 1, the series converges to
For kL < π the result remains finite even for R = 1. When examining the Eq. (2) it is evident that the first zero for the pressure occurs at x = 0 and when kL = π/2. For ear canal dimensions this is shown in the centre graph of Fig. 1 . As illustrated in the right graph of the same figure, the location of the zero moves away from x = 0 as the wavelength is decreased. In terms of room-acoustical analogies it is interesting to note that the location of the zero coincides with the location where the magnitudes of the direct and reverberant sound are equal (known as the critical distance). But contrary to room acoustics the direct and reverberant sound are exactly 180 • out of phase and the critical distance is frequencydependent. This differences stem from the fact that the audio frequency range is well beyond the Schroeder frequency. The sound field model described by Eq. (2) can also be compared to that of a lumped impedance . For a cylindrical ear canal model of length L and radius r it is of compliance type and given by where
and the model is applicable for kL π/2. Inserting and rewriting the expression results in
For kL π/2 (and R = 1), Eq. (2) can also be approximated as follows
which is identical to Eq. (4) and therefore the two fundamentally different models have the same asymptotic solution. Further, the capacitor like impedance in Eq. (3) implies that, as the excitation is switched on, the energy density in the enclosed space increases until it has reached a steady-state value whereby the load impedance approaches infinity in the lossless case. Again, this is also reflected in Eq. (1), where the partial sum at time t n = 2nL/c after switching on the excitation is given for x = 0 and kL π/2 by
At t n = 0 the load impedance is the impedance ρ 0 c of a plane wave, and as time increases the load impedance tends to infinity and the energy density within the enclosed space no longer increases.
If the excitation does not occur over the entire circular cross-section but only a fraction thereof, an analytical closed-form expression for the sound field is more difficult to obtain. Instead the problem was solved numerically using the axisymmetric BEM formulation of the OpenBEM software package [3] . The centre and right graph of Fig. 2 show the pressure distribution for two acoustic wavelengths. Compared to the excitation over the entire cross-section the pressure zero occurs at larger wavelengths and this is because geometrical divergence now occurs for the direct wave from the source. Apart from this, the location of the zero still corresponds to the critical distance and it moves away from x = 0 as the wavelength is decreased. In the excitation plane there is now also a zero whose radial distance from the excitation increases as the wavelength decreases. This phenomena has previously been observed by Stinson and Daigle [4] . Overall, it can be concluded that the sound pressure distribution for this geometry is not 1D even below the first resonance frequency. 
SOUND FIELD CONTROL IN THE TWO ENCLOSED SPACES
In order to complement the comparison between the sound field in a room and that in the ear canal, the control of the sound field in either of the enclosed spaces is now also considered.
Examples of sound field control in the ear canal are the cancellation of bone-conducted sounds, which are amplified when the ear canal is occluded by a hearing instrument [5, 6] , and the reduction of ambient noise with noise cancellation headphones. Fig. 3 shows the equivalent circuits for both of these application examples. In either of the two circuits, P Ec is the pressure in and C Ec the lumped impedance of the occluded ear canal (c.f. Eq. (3)). Z Leak represents a lossy waveguide due to the fact that the occlusion of the ear canal is not perfect. In the top part of the figure, U BC is the particle velocity and S the surface area of the ear canal walls vibrating due to bone-conducted sound. In the bottom part, P Sf is the pressure and Z w the wave impedance of the ambient sound wave. In either example, the goal is P Ec = 0 and this can be achieved by a short circuit sink impedance. In terms of waves this impedance corresponds to a reflection factor of R = −1 and the incident wave is cancelled by a reflected wave of equal magnitude but opposite phase [7] . As shown in the right half of Fig. 3 , the impedance can be approximated with an active control circuit that generates P Ctrl and has a source impedance Z S . With this circuit it is always possible to achieve P Ec = 0 unless a pressure source with zero source impedance is coupled directly into the ear canal.
In comparison, the control of the sound field in a room is much more challenging because of the much larger dimensions with respect to the same wavelengths. If one were to simply apply the short circuit sink impedance of Fig. 3 , the reflected wave would indeed cause zero pressure at some positions in the room but at other positions the pressure would actually increase. For this reason, active control in such sound fields typically aims at perfect absorption by approximating the characteristic impedance of air through the sink impedance [8] . Such a scheme only decreases the effect of reflections or modes in the room [9] . A very important aspect is also that in a room the goal is NOT to achieve P Ec but free field conditions throughout the enclosed space.
